Multilayer elements are used to miniaturize the size of highly efficient wireless power transfer systems based on the Strongly Coupled Magnetic Resonance (SCMR). Specifically, inspired by miniaturization techniques used in antennas, multilayer resonators in conformal SCMR systems (instead of singlelayer resonators traditionally used) are tightly stacked to significantly shrink the size of CSCMR systems. An analytical methodology is developed, based on Kirchhoff's law and Maxwell's mutual inductance formula using elliptic integrals, which can predict the system's resonance. Excellent agreement is shown between analytical, simulated and measured results. Based on our results the proposed multilayer CSCMR systems can operate at significantly lower frequencies than traditional CSCMR systems, while maintaining significantly smaller size as well as providing significantly higher efficiency and transmission range than traditional CSCMR systems.
I. INTRODUCTION
Wireless power transmission (WPT) technology has existed for more than 100 years, and it was initially introduced by Nikola Tesla, [1] , [2] . Various WPT techniques have been developed based either on far-field or near field coupling [3] - [6] . Inductive coupling uses non-radiating magnetic fields generated by a transmitter coil to ''induce'' a current in a receiver coil. To achieve strong inductive coupling, two coils must be very close to each other. Medical implants have used inductive power delivery for over 30 years, [7] . The Strongly Coupled Magnetic Resonance (SCMR) method was developed in 2007, [8] . SCMR has attracted significant attention due to its high efficiency and longer range. Conventional SCMR requires certain distance, [9] , [10] , between the source and resonators. Therefore traditional SCMR systems typically occupy significant volume. This makes the use of traditional SCMR systems difficult in practical applications, such as, mobile devices, wearable electronics and medical devices. Conformal SCMR (CSCMR) is a new planar SCMR, which embeds co-planarly the source loop and the load loop The associate editor coordinating the review of this manuscript and approving it for publication was Ahmed F. Zobaa . into the TX resonator loop and RX resonator loop, respectively, [8] , [11] - [14] . Therefore, CSCMR systems occupy smaller volume compared to traditional SCMR systems. Even though the coplanar designs, [13] , [14] , [23] , [30] - [32] , introduced a first level of miniaturization by reducing the volume of the original SCMR design, there are various applications, such as biomedical implants, electronics and wearable devices, where further miniaturization is very important, [15] - [22] , [37] - [39] .
Inspired by the methodologies developed in frequency selective surfaces, electromagnetic bandgaps and antennas in general (e.g., [40] , [41] ), the multilayer approach is used to miniaturize CSCMR designs. Unlike far-field radiating structures, which are miniaturized by the introduction of multilayer periodic structures (e.g., equivalent artificial magnetic conductors or frequency selective surfaces, [41] ) under them, in this work the same elements (i.e., loop resonators) are used to reduce the electrical size of the WPT TX and RX. To our knowledge, in CSCMR systems, there are only three works, [22] , [38] and [39] , where the multilayer technique has been reported. Specifically, in [22] the performance of different material implementations was examined by the authors, while also investigating the effects of misalignment, shape deformation and size. In [38] the multilayer approach was used to improve the efficiency of the system, but without any discussion of miniaturization. Also, in [39] , the authors mention that the multilayer design can be used for miniaturization, but without providing any results or proof related to miniaturization.
In this paper, a thorough study and analysis is developed for the proposed multilayer CSCMR system. The analysis starts with the development of a theoretical model, which can predict the resonances of the multilayer conformal SCMR system. Then the performance of the proposed multilayer CSCMR systems is validated with analytical models, simulations and measurements, which exhibit excellent agreement. The results that are presented prove that multilayer CSCMR systems lower the frequency of operation, increase the WPT range and improve the efficiency while significantly miniaturizing the footprint area of traditional single-layer systems.
II. CONFORMAL SCMR SYSTEMS
A traditional SCMR system consists of four elements: source loop, TX resonator, RX resonator and load loop, as shown in Fig. 1 . The TX and RX resonators are designed to operate at the same frequency, at which the resonators exhibit maximum Q-factor. Energy is strongly coupled between the TX and RX at the resonant frequency. Therefore, energy is transmitted efficiently between the source and load loops. This method was developed to increase wireless power transfer efficiency in mid-range distances and has proven successful in overcoming the disadvantages of inductive coupling and RFID in nearfield operation, [8] . However, standard SCMR systems require certain distance, t, between the source loop and TX resonator as well as between the load loop and RX resonator, as shown in Fig. 1 . Depending on the elements' dimensions and transmission range, d, this distance, t, can be relatively large. Therefore, standard SCMR systems occupy significant volume and they cannot be easily incorporated in various applications, such as, biomedical implants and wearable devices.
To decrease the volume of SCMR systems, both the TX resonator and the source loop (as well as the RX resonator and load loop) are placed on the same plane to form a new SCMR method, the Conformal SCMR (CSCMR), [20] - [23] , as shown in Fig. 2 . CSCMR TX and RX elements exhibit significantly smaller volume than traditional SCMR TX and RX elements (compare Figs. 1 and 2). Therefore, CSCMR systems are suitable for mobile and wearable applications and since the TX and RX elements are conformal, they can be manufactured using standard PCB methods. A CSCMR system is initially designed here. The geometric parameters of this system are shown in Table 1 . The reason for choosing these dimensions is that many wireless power transmitter pads in the market have similar size. All parameters can be adjusted to meet different requirements of various applications. Each resonator is connected to a lumped capacitor. The geometries of the TX and RX elements are identical, and their geometry is shown in Fig. 2 . ANSYS Electronics Desktop is used for the simulation analysis. This CSCMR system is fabricated on a singlesided FR4 substrate (ε r = 4.4) with copper thickness of 0.035 mm and dielectric thickness of 1.5 mm. High-Q low equivalent series resistance (ESR) capacitors are used in the prototype. The prototyped system and measurement setup are shown in Fig. 3 . A Keysight Vector Network Analyzer (VNA) E5071C was used to measure the wireless power transfer efficiency, η, which is defined as η = |S 12 | 2 .
The simulated and measured efficiencies of this standard CSCMR system are plotted in Fig. 4 . The measurements agree very well with the simulation result. The slight disagreement can be attributed to the fact that the capacitor is simulated as ideal in the simulations (i.e., no losses); however, the real capacitors have some small losses. Fig. 5 plots the efficiency of this CSCMR system versus distance. The WPT efficiency is above 80% when the distance is under 60 mm. 
III. CSCMR SYSTEMS IN LOW FREQUENCY RANGE
Low frequency (i.e., 6-100 MHz) CSCMR systems are needed for numerous applications, such as, charging and wireless powering of mobile or medical devices. Low operation frequencies reduce the requirements of RF-DC circuit design. At the same time, lower frequencies produce less electromagnetic radiation, which is safer for the human body.
The resonant frequency, f r , of a CSCMR system is calculated as, [13] :
where L is the equivalent inductance, which includes the selfinductance and mutual inductance of the coupled loops, and C is the external lumped capacitor, which is connected to the resonator loop. Therefore, there are two traditional methods to decrease the operational frequency of CSCMR systems: a) increasing the elements size and b) using capacitors of higher values. Both methods introduce difficulties in practical implementations. Increasing the size of CSCMR systems can cause significant problems, especially in applications where there are limitations in size, such as mobile, wearable or implantable devices, etc. Alternatively, increasing the capacitance, results in significant efficiency reduction, as the resonant frequency decreases (see Fig. 6 ). In summary, the miniaturization of CSCMR systems is a difficult problem and current resonator structures are not suitable for low frequency applications. In fact, current lowfrequency designs either are large in size or exhibit low efficiencies. Therefore, a new method is needed for miniaturizing CSCMR systems at low frequencies while simultaneously maintaining high efficiency.
IV. CSCMR SYSTEMS WITH MULTILAYER RESONATORS
A new method of lowering the frequency of operation of CSCMR systems, while maintaining the same footprint area and only slightly increasing their volume, is proposed here VOLUME 7, 2019 based on multilayer TX/RX resonator elements. This method miniaturizes CSCMR systems, since as the frequency of operation decreases the wavelength increases, thereby making the electrical size of TX and RX significantly smaller. Fig. 7 shows the geometry of a multilayer CSCMR TX or RX element and a typical CSCMR system. This geometry is developed by adding multiple identical resonators at multiple layers below the top layer of standard CSCMR TX or RX elements. These multilayer TX and RX elements can be manufactured using multilayer PCBs, a very mature technology. All the resonator loops at the different layers are connected in parallel using two vias as shown in Fig. 7 . A lumped capacitor is connected to the resonator on the top layer (i.e., layer 1). The source loop in the TX element (as well as the load loop in the RX element) is placed at layer 1. The analysis and modeling of regular CSCMR system has already been discussed and validated in [14] and [25] . The same approach can be used and extended for multilayer resonator systems. The equivalent circuit for the proposed multilayer CSCMR system is shown in Fig. 8 . A series capacitor is included for the resonator elements. A complete circuit model must consider the mutual inductance and coupling between all the elements. For a system that has N layers of resonators, the total number of loops that need to be considered is 2N + 2 (all resonator loops, source loop and load loop are included). Mutual inductances are calculated for the case of: (a) coplanar configuration between the resonator and source or load elements, and for (b) linear separation of the two loops by a distance d. The thickness of each element is also considered. Neumann's formula, [26] , calculates the mutual inductance as:
The 'exact' and approximate evaluation of (2) for two coaxially placed circular elements has been examined by previous work, [33] - [36] . In [33] and [34] the interested reader can find an analysis of formulas used for calculating the mutual and self-inductance of various cases of electrical circuits. Also, these two papers highlight the advantages and disadvantages of each formula and mention that it is possible to select a favorable formula depending on the case of study. In [35] and [36] a more recent approximation of (2) is presented and its advantages and disadvantages are explained. In this work, after an extensive study, we chose to use for our model Maxwell's formula using elliptic integrals, [33] :
where µ o is the permeability constant of free space, r i and r j are the radii of i and j loops, and F(k) and E(k) are the complete elliptic integrals to modulus k of the first and second kind, respectively. The modulus k is defined as, [33] :
with r ij 1 and r ij 2 being the greatest and least distances of one loop from the other as shown in Fig. 9 . Also, for each i loop the individual element resistance is calculated, [28] :
where λ and ω are the wavelength and angular frequency in the medium (ε r = 4.4), respectively, and σ is the conductivity of copper. Also, α x is the equivalent circular wire radius for planar elements of width α e and negligible thickness, which is obtained as α x = 0.25α e , [27] . Finally, the individual element self-inductance reads, [27] :
Using Kirchhoff's Voltage Law (KVL) in steady-state conditions the equivalent circuit in Fig. 8 is analyzed. The complete circuit model that includes mutual coupling between all elements is developed and it is written in matrix form Z as:
with
where R S and R L are the impedances of TX and RX ports, respectively, which are assumed to be 50 Ohm in our case.
The simultaneous system of equations yields the transfer function V L V S . The overall power transfer efficiency of the system can be calculated using V L V S and the source-load resistance R L R S , and is expressed using S-parameters, [13] , as:
Following the theoretical analysis (1) -(9) two multi-layer CSCMR systems are designed to operate at 30 MHz and 40 MHz, respectively. The two systems are compared based on their overall power transfer efficiency for the case of two-, six-and twelve-layer CSCMR designs. The distance between the transmitter and the receiver is 60 mm. As is shown in Fig. 10 by increasing the number of layers from two to twelve the efficiency increases by 55% and 49% at 30 MHz and 40 MHz, respectively. These results clearly demonstrate that multi-layer CSCMR systems significantly increase their efficiency as their number of layers increase. The effects of varying the capacitance connected to multilayer CSCMR systems are also examined. Specifically, 1-layer, 2-layer and 4-layer CSCMR systems are initially designed to operate at 93 MHz (see Fig. 11 ). In turn, using the same designs and without changing their geometrical characteristics, their frequency of operation is shifted to lower frequencies by increasing the capacitance values. The maximum efficiency of analytical, simulated and measured results is plotted in Fig. 11 versus the operational frequency for all three systems. Overall a good agreement is obtained between analytical, simulated and measured results for all the three cases. Specifically, the analytical evaluations of the efficiency based on formulas (1) -(9) as well as the full-wave simulations estimate a slightly higher maximum efficiency compared to the measured results. This deviation is expected, and it is attributed to fabrication errors as well as capacitor tolerances and losses. Also, it is important to mention the sensitivity of the analytical formulas and especially of the mutual inductance evaluation to the input data (the capacitance value and the frequency sampling). The dependence of (3) on the elliptic integrals and the fact that the design operates at its resonance makes the exact evaluation of the efficiency at a specific frequency extremely difficult and demands a very fine grid to capture the exact value, [33] , [34] .
In summary, our analytical, simulated and measured results show that multilayer systems can use larger capacitance to lower their operation frequency while maintaining significantly higher efficiency than the single-layer system. Therefore, multilayer CSCMR systems provide effective miniaturization of their size. In this way, the same multilayer CSCMR system (without increasing its size) can be tuned to operate at lower frequencies, where its electrical size is significantly smaller. For example, the same four-layer system of Fig. 11 operates at 93 MHz, 55 MHz, 41 MHz and 29 MHz with a capacitance of 30 pF, 82 pF, 150 pF and 300 pF, respectively, and its TX/RX elements have an outer circumference (with outer radius of 32 mm, as specified in Table 1 ) with electrical size of 0.062λ, 0.037λ, 0.027λ and 0.019λ, respectively. Even with a circumference with electrical size of 0.019λ at 29 MHz the four-layer system achieves a relatively high efficiency (i.e., 69%). On the contrary, the single-layer system (which has the same area footprint as the four-layer system) operates at approximately the same frequencies as the four-layer system for the same capacitor values but exhibits reduced efficiency (i.e., 51% at 29 MHz). This represents a 15% increase in efficiency, between the four-and one-layer system, with the same footprint.
V. MULTILAYER CSCMR SYSTEM: A METHOD OF MINIATURIZATION
The traditional method to lower the frequency of operation of CSCMR systems is to increase their size. However, the novel multilayer CSCMR system, which was introduced above, can lower its frequency of operation while maintaining the same footprint area. To illustrate this, a single-layer CSCMR with 48 mm radius, a single-layer CSCMR with 32 mm radius and a twelve-layer CSCMR system with 32 mm radius are designed to operate at 20 MHz as shown in Fig. 12 . The frequency of 20 MHz is chosen as it can be used for neu- ral prosthetic implants, [29] . However, it should be noted that multilayer CSCMR systems can be designed at any desired frequency according to the specifications of the application of interest. The measured efficiencies of the three CSCMR systems versus transmission distance are shown in Fig. 13 . This plot clearly shows that the 32 mm twelve-layer system significantly outperforms the 32 mm single-layer design in terms of efficiency and transmission range, even though the two designs occupy the same area. Specifically, the twelve-layer CSCMR system exhibits 70% efficiency for a transmission range up to 65 mm, which cannot be achieved by the 32 mm single-layer system that exhibits maximum efficiency of only 50%. Also, the maximum transmission ranges of the twelve-and single-layer systems, which have the same footprint, i.e., 32 mm radius, for a minimum of 50% efficiency, are 95 mm and 25 mm, respectively.
The same efficiency of 70% provided by the twelvelayer CSCMR system with 32 mm radius can be achieved by a single-layer CSCMR system that occupies 50% more area, i.e., 48 mm radius, but only for a transmission range of 45 mm. The details of our measured results for these three CSCMR systems are shown in Table 2 . Specifically, the 32 mm twelve-layer CSCMR system reduces the area and volume occupied by the 48 mm singlelayer CSCMR system by approximately 55% and 40%, respectively. Therefore, the multilayer CSCMR systems can significantly miniaturize the size of CSCMR systems. The area and volume percentage reduction provided by the twelve-layer design is depicted in Table 3 . In summary, the results of this section show that multilayer CSCMR systems can provide a very effective way to miniaturize SCMR systems at low operational frequencies and provide high efficiencies and long range, which to our knowledge has not been achieved before. Note that for our measurements the maximum number of layers that we use is twelve. Theoretically, we can use any number of layers. From the practical point of view, though, parameters such as manufacturing cost and time have to be taken into account and these are essentially the only limitations of this fabrication method.
VI. EFFECTS OF SUBSTRATE THICKNESS
As shown above, multilayer CSCMR systems can significantly reduce the area of TX/RX elements. However, as the number of layers increases, the overall thickness, T , of both TX and RX elements increases, [19] - [21] . To maintain the increase of the overall thickness as small as possible, the thickness of the substrate between each two layers needs to be reduced.
To compare the effects of the substrate's thickness, four two-layer systems are built and tested using the parameters of Table 1 . The prototyped systems are shown in Fig. 15 for four different layer thicknesses that results in different overall substrate thicknesses, namely, T = 0.25 mm, 0.75 mm, 1.5 mm and 3 mm. All four systems used a 66 pF capacitor. The efficiency of the four systems of Fig. 15 are shown in Fig. 16 . These results clearly illustrate that the overall substrate's thickness of the CSCRM multilayer TX/RX elements does not significantly affect the efficiency. Also, the frequency of operation is slightly affected, but it can be easily tuned by choosing the appropriate capacitance value thereby allowing the design of highly efficient multilayer CSCMR systems with miniaturized area and thickness.
VII. CONCLUSION
Multilayer designs are used to miniaturize the size of highly efficient wireless power transfer systems based on the Strongly Coupled Magnetic Resonance (SCMR). An analytical model is developed, using circuit models and Maxwell's mutual inductance formula based on elliptic integrals, to accurately predict the resonances of multilayer CSCMR systems. Analytical, simulated and measured results agree very well with each other. Based on our results, multilayer CSCMR systems can operate at lower frequencies while maintaining significantly smaller size as well as providing significantly higher efficiency and transmission range than traditional CSCMR systems. A twelve-layer CSCMR system for example provides the same efficiency at the same distance with a one-layer CSCMR system that occupies 50% more area.
